Bonamia ostreae is an intracellular protozoan parasite, infecting haemocytes of the European flat oyster Ostrea edulis. Oyster defence mechanisms mainly rely on haemocytes. In the present study in vitro interactions between parasites and flat oyster haemocytes were investigated using flow cytometry and light microscopy. Haemocyte parameters including: non specific esterase activity, reactive oxygen species (ROS) production and phagocytosis were monitored using flow cytometry after 2 hour cell incubation with live and dead B. ostreae. Two ratios of parasites per haemocyte were tested (5:1 and 10:1), haemocytes alone were used as controls and the experiment was carried out three times. Flow cytometry revealed a decrease of non specific esterase activities and ROS production by haemocytes after incubation with live parasites, while there was little difference in phagocytosis activity when compared with controls. Similarly, dead parasites induced a decrease in haemocyte activities but to a lesser extent compared to live parasites. These results suggest that B. ostreae actively contributes to the modification of haemocyte activities in order to ensure its own intracellular survival.
Introduction
The European flat oyster Ostrea edulis occurs from Norway to the Bay of Agadir in Morocco and in the Mediterranean and Black Seas. In the late 1960's decline in flat oyster production was attributed to the protozoan parasite Marteilia refringens [1, 2, 3] . Since 1979, flat oyster production has further declined in France and Europe due to another disease caused by the protozoan parasite, Bonamia ostreae [4, 5, 6] . Both parasite diseases contributed to drastically reduce the French flat oyster production from 20 000 t per year in the 1970s to 1 000 t (data available in the fishstat database, http://www.fao.org/fi/statist/FISOFT/FISHPLUS.asp). B.ostreae was also reported in cultured and wild populations from the Netherlands [7, 8] , Denmark [9] , Spain [10] , United Kindom [11] and Ireland [12] . The natural host of the protozoan parasite Bonamia ostreae is the European flat oyster Ostrea edulis. Although the parasite can be observed in juveniles [13] and adults, mortality usually occurs in oysters 2 year old and older [14, 15, 16, 17] . The parasite is most often observed inside the haemocytes [4, 5] , but it can also be detected free in connective tissues of the digestive gland and gills [18] . Multiplication of the parasite is associated with haemocyte disruption and huge haemocyte infiltration in the digestive gland, mantle and gills [14, 19] . Phylogeny studies demonstrated that the parasite is affiliated with haplosporidians [20, 21] and belongs to the phylum of cercozoan [22] . Although methods for in vitro cultivation of the parasite are lacking, a protocol for parasite purification from infected oysters [23] enables in vitro studies on interactions between B. ostreae and its host cells, the haemocytes [24] . Three types of haemocytes were reported in the European flat oyster on the basis of morphological criteria: granulocytes (haemocytes with granules, diameter around 10 µm), large hyalinocytes (haemocytes without granules, diameter around 15 µm) and small hyalinocytes (haemocytes without granules, diameter from 5 to 10 µm) [19, 24, 25, 26, 27, 28] . Haemocytes play a pivotal role in mollusc defence against pathogens. The main cellular immune response consists of phagocytosis [29, 30] . Pathogens are internalised and then degraded through hydrolytic enzymes including esterases and production of reactive oxygen species (ROS) [28, 31, 32] . Esterases are enzymes belonging to the group of hydrolases catalysing the hydrolysis of ester bonds. The respiratory burst is a series of biochemical reactions that produce highly microbicidal ROS including superoxide (O 2 -), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (OH + ). Although radicals produced during the respiratory burst are known to be involved in the destruction of parasites in different host species including molluscs [33, 34, 35] , some intracellular parasites like Leishmania sp and Perkinsus marinus develop strategies to evade this process which allows them to invade and multiply within host cells [36, 37] . Some studies demonstrated that the parasite Bonamia ostreae was internalised after 30 minutes of contact with haemocytes and was not degraded after phagocytosis [24, 25] . Hervio et al [38] , reported that the parasite possesses catalytic enzymes and acid phosphatase which could inhibit haemocyte activities developed for parasite degradation. The current study based on flow cytometry was undertaken in order to further investigate mechanisms developed by Bonamia ostreae to survive within haemocytes. Haemocyte activities were monitored comparing cells in contact with live and dead parasites as well as haemocytes alone. Parasite internalisation inside haemocytes was also confirmed by light microscopy. Cell mortality/viability, non specific esterase activities, respiratory burst and phagocytosis were monitored by flow cytometry in order to measure the impact of parasite on immune capacity of oyster haemocytes. Two different levels of parasite were used to test the effect of Bonamia ostreae on oyster haemocytes. Based on previous studies [24, 39] and on microscopic observation, two ratios were selected 5:1 and 10:1 parasites per haemocyte. In addition, both live and dead parasites were tested and compared in attempt to access the active or passive role played by the parasite in the modification of haemocyte activities. 
Haemolymph collection
Haemolymph was withdrawn from the adductor muscle sinus of 10 oysters using a 1 ml syringe equipped with a needle (0.40 mm x 90 mm). To eliminate debris the haemolymph samples were filtered through 60 µm nylon mesh and held on ice to prevent cell aggregation. The volume of haemolymph collected from each oyster was approximately 1 ml, samples were pooled, and haemocyte counts were performed using a Malassez-cell. The haemocyte concentration was adjusted to 5.10 5 cells ml -1 using 0.22 µm filtered sea water (FSW).
Parasite purification
Bonamia ostreae was purified according to the protocol developed by Mialhe et al.(1988) [23] . Briefly, heavily infected oysters were selected by examination of heart tissue imprints using light microscopy. After homogenisation of all the organs except the adductor muscle, parasites were concentrated by differential centrifugation on sucrose gradients and then purified by isopycnic centrifugation on a Percoll gradient. Finally, the purified B. ostreae cells were suspended in FSW and counted using a Malassez-cell.
Parasite inactivation
Parasites were inactivated at 100°C for 15 minutes and the suspensions of dead parasites were held on ice for 5 minutes.
In vitro infection protocol
Haemocytes (5.10 5 cells ml -1
) were incubated with live and dead parasites at two ratios (5:1 and 10:1 parasites per haemocyte) for two hours at 15°C. The control consisted of haemocytes alone suspended in FSW (5.10 5 cells ml -1) . The experiments were performed in triplicate using three different pools of oysters.
Light microscopy
After two hours of incubation, 100 µl of each cell suspension were cytocentrifugated (100 × g, 4°C, 1 min), stained with Hemacolor (Merck) and examined using light microscopy.
Flow cytometry analysis
For each sample, 5 000 events were counted using an EPICS XL 4 (Beckman Coulter). Based on size discrimination, parasites or other small particles were not counted, only haemocytes were taken into account for cell activity measures. Results were depicted as cell cytograms and reported in log scale fluorescence levels for each marker used. Fluorescence depended on the monitored parameters: non specific esterase activities, ROS production and phagocytosis were measured using green fluorescence while cell mortality was measured using red fluorescence.
Haemocyte mortality/viability
Haemocyte mortality was quantified using 200 µl of cell suspension. Cells were incubated in the dark for 30 minutes at 4°C with 10 µl of Propidium Iodide (PI, 1.0 g.l -1 , Interchim). PI is a fluorescent DNA/RNA-specific dye, which only permeates through the membranes of dead cells and stains the nucleic acids.
Non specific esterase activities
Non specific esterase activities were measured by adding 1 µl of a non specific liposoluble substrate fluoresceine diacetate (FDA, Molecular Probes, 400 µmol l -1 ) to 200 µl of a haemocyte suspension. Cells were incubated for 30 minutes in the dark at room temperature and then transferred to ice for 5 minutes to stop the reaction.
ROS production
The respiratory burst was measured using the 2',7'-dichlorofluorescein diacetate (DCFH-DA), a non fluorescent fluorescein which permeates cells and is hydrolysed yielding hydrosoluble DCFH. In the presence of hydrogen peroxide, DCFH is oxided to DCF, a fluorescent product. Intracellular oxidation of DCFH is quantitatively related to oxidative burst in haemocytes. To measure ROS production, 2 µl of DCFH-DA (1mM) were added to 200 µl of the haemocyte suspension. Cells were incubated for 30 minutes in the dark at room temperature and then transferred to ice for 5 minutes to stop the reaction.
Phagocytosis
Phagocytosis capacity of haemocytes was evaluated by using fluorescent beads [26] . Haemocyte suspension (200 µl) was incubated for one hour in the dark at room temperature with 10 µl of a 1/10 dilution of Fluorospheres carboxylate-modified microspheres (1µm diameter, Interchim).
Statistical analysis
An unilateral Test Z was performed to test superiority of the mean number of live vs dead parasites inside haemocytic cells. Flow cytometry results were expressed as percentage of positive cells. In order to detect an effect of tested conditions, an ANOVA was performed using XLSTAT-Pro version 7.5.3 software. Values were converted into r angular arcsinus  (% of positive cells) before analysis to ensure the respect of a priori assumptions of normality and homogeneity. In the case of rejection of H 0 , an a posteriori Tukey test was used to compare differences between means.
Results

Detection of parasites in haemocytes
Following two hours of in vitro contact between haemocytes and Bonamia ostreae (ratio 1:5), observations showed that both live and dead parasites were engulfed by the flat oyster haemocytes (Table 1) . However, larger numbers of live parasites (average of 3.5 parasites per infected haemocyte) were detected in oyster haemocytes compared to dead parasites (average of 2 parasites per infected haemocyte)(p<0.05). Parasites (live or dead) were only detected in large hyalinocytes and in granulocytes (Fig. 1) and not in small hyalinocytes.
Haemocyte activities in the presence of Bonamia ostreae
Prior to haemocyte activity measurement, cell survival was checked by deducing cell mortality based on PI labelling. Whatever was the tested condition, percentage of live cells was never below 93.5%. Cell mortality was considered as equivalent between all tested conditions ( Table 2) . For non specific esterase activities (Fig.2) and ROS (Fig.3) , two different populations of cells were distinguished (population of negative cells producing no non specific esterase activities or no ROS and population of positive cells producing non specific esterase activities or ROS) according to the fluorescence intensity. For phagocytosis, populations were defined according to a protocol previously described [26, 40, 41] (Fig.4) .
Non specific esterase activities
The percent of haemocytes positive for non specific esterase activities was 70.3 ± 13.7% in the control, 32.2 ± 1.8% after incubation with a 5:1 ratio of live parasites, 17.4 ± 3.4% after incubation with 10:1 ratio of live parasites, 41.9 ± 3.3% after incubation with a 5:1 ratio of dead parasites and 34.16 ± 10.3% after incubation with a 10:1 ratio of dead parasites, respectively (Fig.5) . In presence of live and dead parasites (ratios 5:1 and 10:1), population of positive cells for esterase activities decreased significantly compared to the control (p< 0.0001). Live parasites at a ratio 10:1 induced a significantly more important decrease compared to live parasites at a ratio 5:1 and compared to dead parasites at ratios 5:1 and 10:1 (p< 0. 001).
ROS production
The percent of ROS positive haemocytes was 61 ± 19.8% in the control, 21.3 ± 4.1% after incubation with a 5:1 ratio of live parasites, 12.0 ± 2.5% after incubation with 10:1 ratio of live parasites, 33 ± 3.4% after incubation with a 5:1 ratio of dead parasites and 26.9 ± 4% after incubation with a 10:1 ratio of dead parasites, respectively (Fig.6) . In presence of live and dead parasites (ratios 5:1 and 10:1), population of ROS positive cells decreased significantly compared to the control (p< 0.0001). Percentages of ROS positive cells for haemocytes in contact with live parasite at a 10:1 ratio were significantly different from those of haemocytes in presence of dead parasites at a ratio 5:1 (p< 0.0001) and at a ratio 10:1 (p< 0.002).
Phagocytosis assay
Comparison of the percent of haemocytes positive for phagocytosis showed only minor differences between controls and the tested conditions (Fig.7) . Regardless of test conditions, 30% to 40% of the haemocytes engulfed 3 or more than 3 beads after 2 hours.
Discussion
Although previous studies based on flow cytometry aimed at describing haemocyte morphology and activities in oysters [26, 42, 43] , abalone [44] or mussels [45] , flow cytometry has rarely been used to investigate interactions between molluscs and pathogens, more specifically pathogens infecting haemocytes [40, 46, 47, 48] .
In the present study, flow cytometry and light microscopy were used to determine the effects of both live and dead Bonamia ostreae at two different ratios on haemocyte parameters of flat oysters Ostrea edulis. The tested ratios 5 parasites and 10 parasites per haemocyte were chosen based on previous studies [24, 39] and are expected to reflect the conditions of haemocytes exposed under high level in vivo infections. In vitro assays were conducted by incubating haemocytes with purified parasites for 2 hours at 15°C. The temperature and the incubation period were selected according to previous studies [24, 25, 49, 50] . In a previous study after a contact of 30 minutes, parasites were engulfed by haemocytes, and after four hours, vacuoles containing B. ostreae were observed within haemocytes [51] . A 2 hour incubation was deemed sufficient to measure effects of the parasite on post phagocytosis mechanisms. Microscopic examination of cytocentrifuged cells confirmed that both live and dead parasites were engulfed by haemocyte but not destroyed after two hour of incubation [24] . Internalisation of dead parasites suggests that the process is mediated by haemocytes themselves. Chagot et al [25] demonstrated that parasites were not engulfed when haemocytes were treated with cytochalasin B prior parasite contact. These results support an active participation of host cells in the internalisation of the parasite. However, the same study, [25] demonstrated that the treatment of parasites with cytochalasin B prior to cell contact induced a significant decrease of parasite internalisation. These results also suggest that the parasite may play an active role for its own internalisation in oyster haemocytes. In our study, higher numbers of live parasites were detected in oyster haemocytes compared to dead parasites confirming that the entry of the parasite in haemocyte may also mediated by the parasite itself. Cell mortality did not show an increase in haemocyte mortality after contact with dead or live parasites. This result suggests that Bonamia ostreae does not kill haemocytes soon after internalisation and that the conditions used in our experiments did not affect the viability of haemocytes. In order to investigate interactions between Bonamia ostreae and haemocytes, we measured non specific esterase activities and ROS. Although non specific esterase activities were recognized as reflecting the global activity of haemocytes, esterases may be also involved in degradation of internalised particles after phagocytosis. We also tested the ability of haemocytes to phagocyte live and dead parasites. These parameters were previously used to measure the effects of abiotic factors including temperature or salinity [40, 52] or biotic factors [48] on haemocyte activities. The presence of parasites significantly modified non specific esterase activities of haemocytes. Live parasites induced a decrease in percentage of non specific esterase activities positive cells. Although dead parasites modified the percentage of non specific esterase activities positive haemocytes when present at a 10:1 ratio, it was at a lesser extent when compared to live parasites. These results, in addition to the lack of haemocyte mortality, suggest a direct impact of parasites on host cell esterase activities. Catalytic enzymes present in Bonamia ostreae [38] might be able to inhibit hydrolases (ie esterases) produced by haemocytes. Similarly, the presence of Bonamia ostreae, (particularly live parasites) significantly modified ROS detection in haemocytes. In all test conditions the percentage of ROS positive haemocytes decreased after two hours of incubation with parasites. The decrease was significantly more pronounced in presence of live B. ostreae compared to dead ones. As no cell mortality was detected, parasites may have a direct impact on haemocyte ROS production. The inhibition of oxygen radical production facilitates intracellular survival of protozoan parasites including Trypanosoma sp [53] , Toxoplasma sp [54, 55] and Leishmania sp [56] . A study carried out to describe interactions between haemocytes from Crassostrea virginica and the parasite Perkinsus marinus showed that live parasites induced an inhibition of ROS release from oyster haemocytes whereas heat killed parasites did not modify ROS production [57] . Inhibition of ROS production was also reported in haemocytes from Pecten maximus incubated with live Rickettsiales-like organisms [58] . Perkinsus marinus and Rickettsiales-like organisms possess acid phosphatase, partly responsible for the suppression or inhibition of ROS production [58, 59] . Hervio et al [38] demonstrated the presence of acid phosphatase activity in haplosporosomes of Bonamia ostreae. Acid phosphatase can inactivate the production of NAD(P)H oxidase and thus prevents ROS production. The level of acid phosphatase activity in B. ostreae is equivalent [38] to levels found in several Leishmania species [60] in which the inhibitor role of the NAD(P)H oxidase has been shown. Latex beads were used to measure the phagocytosis ability of haemocytes following 2 hours of incubation with parasites. Phagocytosis measurements showed little variation between the control (haemocytes alone) and the tested conditions, suggesting that neither live or dead parasites stimulate or inhibit phagocytosis ability of haemocytes. Phagocytosis plays an important role in interactions between host and pathogens. Many intracellular parasites stimulate their own phagocytosis through activation of receptors or production of actin filaments. In our study, phagocytosis ability of haemocytes against inert material like latex beads was not affected by the presence of parasites. However, the use of bacteria could better reflect response of haemocytes against pathogenic organisms. Besides, recent tests were performed to measure latex bead phagocytosis in presence of parasites by using a higher size discriminant than the one used in the present study. This protocol modification allowed to observe a decrease of phagocytic ability of haemocytes after 4 hours of incubation with parasites (Morga, pers com).
In conclusion, the present study investigated the effect of the parasite Bonamia ostreae on haemocyte activities using flow cytometry after two hours of in vitro incubation. Light microscopy confirmed that live and dead parasites were engulfed by the haemocytes after two hours of contact. After its entry into the haemocyte, the parasite induced changes within the host cell including a modification of cellular activities necessary to escape the degradation by haemocytes. These results contribute to a better understanding of the interactions between B. ostreae and haemocytes and more specifically the effect of the parasite on the host cell to ensure its survival and its ability to multiply within the cell. 72% (31) 29% (32) 71% (25) 5.3. Large hyalinocytes % (n)
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